Cinnamon has been reported to have significant benefits for human health, particularly as an anti-inflammatory, antitumor, anticancer, antidiabetic, and anti-hypertriglyceridemia agent, mainly due to its phytochemical constituents such as phenolic and volatile compounds. The phytochemicals in cinnamon can be extracted from different parts of plant by distillation and by solvent extraction. The use of cinnamon in food and its ability to prevent oxidation and inhibit microbial growth are covered in this review. Its bioaccessibility, safety, and consumer acceptance are comprehensively discussed. This review also clearly shows a route to the use of cinnamon as an ingredient in functional foods.
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Introduction
In the past few decades, consumers have chosen foods not only for their nutritional values but also for their additional health benefits; [1] therefore, functional foods have become increasingly popular. Functional foods are foods that can improve physical or mental health, decrease the risk of some illness, and cure some diseases. [2] Nevertheless, the regulatory definition of functional food varies among regulatory bodies. According to the Academy of Nutrition and Dietetics, "Functional foods defined as whole foods along with fortified, enriched, or enhanced foods that have a potentially beneficial effect on health when consumed as part of a varied diet on a regular basis at effective levels." The Institute of Food Technologists briefly explains functional foods as "Foods and food components that provide a health benefit beyond basic nutrition (for the intended population)." [3] According to the Ministry of Health, Labour and Welfare, Japan, [4] "FOSHU (Food for Specified Health Uses) refers to foods containing an ingredient with functions for health and officially approved to claim its physiological effects on the human body." FOSHU is intended to be consumed for the maintenance/promotion of health or for specific health effects by people who wish to control their health, including their blood pressure or blood cholesterol. Functional foods have not yet been legally defined in Europe; however, in the work of Stein and Rodríguez-Cerezo, [5] functional food is defined as "food that is taken as part of the usual diet and has beneficial effects that go beyond traditional nutritional effects." From these classifications, it could be summarized that having a "beneficial effect on health" is the main requirement. Additionally, it could be concluded that functional foods may be produced by enriching the components/ingredients in food to improve its beneficial health effect.
In the past 10 years, a plethora of novel functional foods and functional ingredients have continuously been developed in response to the growth in the functional food market. [2] Examples of functional food ingredients are vitamins, minerals, probiotics, phytosterols, and antioxidants. [6] So far, a high priority target in functional food development is defending human body against reactive oxidative species and protecting human body from cancer. [7] In the current decade, there has been growing interest in the use of herbs and spices as antioxidants and anticancer agents. [8, 9] Cinnamon (genus Cinnamomum, family Lauraceae) is one such spice that is rich in structurally diverse phytochemically active compounds with antioxidant properties. [10] Cinnamomum verum (also known as Cinnamomum zeylanicum, Ceylon cinnamon, or true cinnamon) and Cinnamomum cassia (also known as Cassia cinnamon or Chinese cinnamon) are the most popular species in the world. These plants are economically important due to their broad uses in the food and pharmaceutical industries. Nevertheless, the genus Cinnamomum actually consists of approximately 250 species with distinctive genotype and phenotype. [12] Currently, the compositional and functional properties of most of the species are still not well studied.
Phytochemical composition of cinnamon
The barks, leaves, twigs, roots, wood, and fruit of cinnamon can all be easily utilized for producing volatile oils (essential oils) by distillation and oleoresins by solvent extraction. [12] [13] [14] [15] [16] [17] [18] [19] Oleoresins are the concentrated extracts of spices or aromatic herbs obtained by first treating the spices with a solvent and then removing the solvent. Several factors influence the chemical composition of cinnamon essential oil and oleoresin (Tables 1 and 2 ). A considerable number of studies have been published on the effects of species, origin, and part of the plant on the chemical composition of the essential oil of cinnamon. [20] [21] [22] Prasad et al. [24] showed that species of cinnamon differ significantly in their flavonoid content and antioxidant capacity, whereas growing methods, either organic or conventional, have no significant effect on total phenolic compounds and antioxidant capacity parameters. [25] The age of bark and leaves of the cinnamon significantly influence the chemical composition of the essential oils and oleoresins. [26, 27] The work of Pragadheesh et al. [27] confirmed the influence of different harvest dates on the chemical composition of essential oil from cinnamon leaves. The method of extraction and type of solvent have a substantial influence on the [170] chemical properties of the cinnamon extract. Accordingly, they substantially affect the antioxidant capacity as well (Table 3) .
Potential benefits of cinnamon for human health
Due to the escalating incidents of chronic diseases and metabolic syndromes, there have been a great number of investigation on identifying the bioactive compounds in traditional medicinal plants and looking into the possible use of the medicinal plants as alternatives for modern medications. [28] Cinnamon is used as a traditional remedy and is classified as a medicinal plant in many countries around the world. [29, 30] To date, there have been numerous experimental demonstrations of its effects by a number of researchers (Table 4) . 
ABTS
Extraction by methanol resulted in the highest total phenolic content in shaking and ultrasonic method, whereas extraction by ethanol and ethylacetat was the most effective to extract phenolic compound in Randall and maceration method, respectively. Water extract of cinnamon contained less total antioxidant capacity than the other extracts [17] C. zeylanicum Blume Bark and leaf Acetone Mustard oil, linoleic acid, DPPH, ferrous ion The C. zeylanicum Blume oleoresins had better effects on primary and secondary oxidation products in mustard oil than the essential oils. The cinnamon bark oleoresins were more effective to scavenge radical reaction than the cinnamon leaves oleoresins, cinnamon essential oils, cinnamaldehyde, BHA, and BHT [22] C. zeylanicum, C. burmannii, C. cassia, C. tamala, and C. pauciflorum Leaf Ethanol and water
The C. burmanii extract had higher antioxidant activity and superoxide radical-scavenging activity than BHT; however, it was less effective to scavenge DPPH radical reaction than BHT [24] C. verum Bark Methanol DPPH, ABTS, hydroxy radical, ferrous ion, linoleic acid The C. verum bark extract showed very good antioxidant activity in all assays; however, the antioxidant activity of the extract was slightly lower than BHA and ascorbic acid [89] C. zeylanicum Bark Ethanol and water
Superoxide radical anion, ABTS The solvent was effective to extract phenolic and flavonoid compound from the cinnamon.
The cinnamon extract showed high antioxidant activity in ABTS, cyclic voltammetric, and photochemiluminescence assay [92] C. altissimum Kosterm.
(Lauraceae)
Bark
Essential oil DPPH, ferrous ion The cinnamon essential oil contained phenolic compound; however, its antioxidant activity was lower than gallic acid, ascorbic acid, rutin, and quercetin [169] Cinnamomum sp. (not specified) Leaf Acetone and methanol ABTS, ORAC, DPPH, ferrous ion The acetonic extract of cinnamon showed higher antioxidant activity in ABTS, ORAC, ferrous ion, and DPPH assay than the methanolic extract [173] C. osmophloeum
Twig Ethanol
Ferric ion and ascorbic acidinduced lipid peroxidation, DPPH The cinnamon extract showed high antioxidant activity in DPPH assay, superoxide radicalscavenging activity assay, reducing power assay, lipid peroxidation assay, and PCL assay [173] C. zeylanicum
Bark
Essential oil Hazelnut and poppy oil The cinnamon essential oils showed antioxidant capacity; however, the activity was lower than BHA [174] C. osmophloeum Kaneh.
Leaf
Essential oil
DPPH
The cinnamon essential oils showed antioxidant activity in DPPH assay. Cinnamyl acetate, cinnamaldehyde, β-cubebene, and linalool play a key role on the antioxidant activity (ordered from high to low effectiveness) Cinnamomum sp.
(not specified) Water Proanthocyanidin, cinnamic acid, coumarin, cinnamaldehyde 0, 26-26 µg/mL Anti-amyloidogenic effect: The cinnamon extract had an anti-amyloidogenic activity.
Proanthocyanidin was more effective than cinnamic acid, coumarin, and cinnamaldehyde [18] C. burmannii C. cassia DMSO -
µg/mL
Antidiabetic effect: The cinnamon extract had PPARγ-binding activity. Cinnamaldehyde had better binding activity than the cinnamon extract [52] Cinnamomum sp.
(not specified) Ethanol Polyphenol (81.4%) 300-1200 mg/kg mice body weight Antidiabetic and anti-hyperglycemic effects: The cinnamon extract repaired pancreatic β cells [53] (Continued ) 200-300 mg/kg mice body weight Anti-hyperglycemic effect: TAPP and TBPP oligomer-rich extract from different cinnamon species had hypoglycemic effects both in vivo and in vitro experiment [180] *The phytochemical constituents were expressed as % (w/w). TAPP: Type-A-procyanidine polyphenols; DMSO: dimethyl sulfoxide; TBPP: type-B-procyanidine polyphenols.
Anti-inflammatory activity Inflammation is a typical mechanism to protect tissue that is injured or infected as well as to remove dead or damaged host cells. The release of cytokines, such as interleukin-1β (IL-1β) and tumor necrosis factor-α (TNF-α), is one of the inflammatory responses and induce inflammatory disorders. IL-1β is produced in monocytes, macrophages, fibroblasts, and endothelial cells, whereas TNF-α is mainly produced in monocyte/macrophage lineage. Lipopolysaccharide (LPS), an endotoxin in bacteria, promotes pro-inflammatory cytokines production by activating macrophages and stimulating the production of IL-1β and TNF-α. [31] IL-1β and TNF-α have a significant role in activating nuclear factor NF-кB, which is involved in cancer development. [31] [32] [33] In addition to cytokines, nitric oxide (NO) and prostaglandins are significantly involved in inflammatory occurrences. The formation of NO and prostaglandins are catalyzed by NO synthase and cyclooxygenase (COX), respectively. [31] The anti-inflammatory activity of cinnamon has been reported in some studies. The water extract of C. cassia (20-100 mg/kg of body weight) significantly decreased the TNF-α secretion in LPSinjected serum when administered orally to mice for 6 days. This anti-inflammatory activity may be due to the polyphenol compounds present in the extract. [34] The ethanolic extract of C. cassia (100 µg/mL) has been reported to have anti-inflammatory potential; it can decrease NO production, TNF-α secretion, and prostaglandin E 2 concentration in LPS-activated cells. [35] The essential oils of Cinnamomum osmophloeum twig (50 µg/mL containing L-bornyl acetate 15.89% and cinnamaldehyde 4.07%) have been confirmed to decrease NO production in LPS-stimulated macrophages. This activity is mainly because of its cinnamaldehyde content. However, its anti-inflammatory activity was less than that of curcumin when they were evaluated at the same concentration. [13] In previous publications, [14, 36] linalool (50 mg/kg body weight) and citral (50 µg/mL) have also been confirmed to have essential contributions to inflammatory inhibition. According to Ping et al., [37] type-A procyanidin polyphenol (TAPP) isolated from C. zeylanicum bark plays a key role as an antiinflammatory agent when administered orally at a dose of 8 mg/kg body weight. Moreover, TAPP has been reported to inhibit LOX activity, leukotrienes synthesis, COX enzyme activity, and proinflammatory cytokines production (IL-1β and TNF-α). [31] Based on the results of different studies, cinnamon has the potential to ameliorate inflammatory stages via inhibition of COX-2 (isoform of COX) and NF-кB. [38] The inhibition of COX-2 activity is due to cinnamon's ability to interfere with the signaling mechanisms among transcription factors regulating the COX gene, including NF-κB. [31] According to Huang et al., [39] cinnamon and its constituents, particularly cinnamaldehyde, also have the ability to activate peroxisome proliferatoractivated receptors (PPARs). PPARs have various mechanisms for attenuating NF-κB function: (a) by interfering with the transcription activating capacity of the NF-κB complex, (b) by regulating genes suppressing the activation of NF-κB, (c) by physically interacting with components of the NF-κB complex which impairs binding of NF-κB to the DNA, and (d) by increasing the production of the inhibitory protein that prevents the transfer of NF-κB to the nucleus. [31] Thus, by various pathways, cinnamon and its derivatives can be very potent natural anti-inflammatory agents.
Antitumor and anticancer
The correlation between inflammation and cancer development has been discussed in the previous section. In brief, the production of NF-κB, which is activated by IL-1β and TNF-α during inflammation, leads to cancer development. Therefore, the ability of cinnamon to inhibit the production of IL-1β and TNF-α is one of the modes of action of cinnamon to prevent the development of cancer cells. Cinnamon's interference in the signaling mechanisms of transcription factors regulating the COX gene is another of its modes of anticancer activity. This is important because COX-2 can intensify angiogenesis and metastasis resulting in cancer cell growth.
The essential oil of Cinnamomum insularimontanum fruit (50 µg/mL containing citral 35.89%) and the water extract of C. cassia (100 µg/mL) showed anticancer activities by blocking NF-кB activation. [14, 40] Another report [41] showed that treatment with a water extract of C. cassia at a concentration of 0.5 mg/mL increased the antitumor activities in male mice by inhibiting the growth of hematologic tumor cells. The extract significantly reduced COX-2 and HIF-1α expression in the tumor tissues. Ariaee-Nasab et al. [19] reported that the water extract of C. cassia (8 mg/mL) can inhibit tumor cell growth by hIAPP fragmentation when it was evaluated in humans. Linalool may play a significant role in inhibiting the growth of tumor cells. [42] Anti-carcinogenic activity of C. zeylanicum has been reported by Unlu et al. [43] After exposure to the essential oils of C. zeylanicum (25 μg/mL containing 68.95% cinnamaldehyde) for 24 and 48 h, the viability of 5RP7 (H-ras activerat fibroblasts) cells was inhibited 70% and 10%, respectively. The essential oils may interfere with the function of ras signal transducing, so it can control cell growth and differentiation. From morphological investigations, it was observed that the cells showed noticeable changes in their morphology, such as the loss of adhesion, elongation, and becoming more round, which may be due to the induction of apoptosis by the essential oils. A similar effect has been observed in previous studies using human leukaemia K562 cells and human colonic Caco-2 cells. Thus, the abovementioned studies clearly indicate that cinnamon and its derivatives exhibit potential anticancer activities through a few possible pathways.
The ability of cinnamon to inhibit Helicobacter pylori is another of its mechanism for cancer prevention in humans. This antibiotic activity toward H. pylori is beneficial since the bacterium raises the risk of chronic gastritis, peptic ulceration, and gastric cancer as well as coronary heart, and cardiovascular diseases in humans. It has been reported that cinnamon extract (100 µg) can inhibit H. pylori better than the commercial antibiotics ampicillin (10 µg), tetracydine (30 µg), erythromycin (15 µg), nalidixic acid (30 µg), and cotrimoxazole (50 µg), as well as thyme extract (200 µg). [44] Moreover, cinnamon essential oil has the ability to prevent cervical cancer, since it can reduce the migration of cancer cells in the cervix. This inhibition was mainly due to polyphenols and cinnamaldehyde. Both compounds play a therapeutic role through mitochondrial membrane potential depolarization, which causes cellular apoptosis. [45] Antidiabetes Diabetes is a group of metabolic diseases that cause high blood glucose (blood sugar). Diabetes is associated with a number of complications including eye disease (retinopathy), kidney disease (nephropathy), neural damage (neuropathy), cardiovascular diseases, strokes, depression, dementia, and sexual dysfunction. [46] Some studies have been conducted to evaluate the ability of cinnamon to reduce the risk of diabetes. C. cassia extract (200 mg lyophilized extract/kg mice body weight) has been reported to have a regulatory role in decreasing blood glucose level in type-2 diabetic animal model. The decrease corresponds to the concentration of the extract. In addition, serum insulin became significantly higher during the treatment. [47] In another study, applying 100 mg/kg of cinnamon essential oil (containing cinnamaldehyde 78.51%) to KK-Ay mice resulted in a similar phenomenon during 35 days of investigation. [37] In an advanced study of chronic kidney disease associated with diabetes, Yan et al. [48] found that 50 μM C. cassia bark extract, which contains sesquiterpenoids, has antidiabetic nephropathy activity.
Cinnamomum burmanii essential oil has been shown to give similar results as C. cassia essential oils against type 2 diabetes mellitus due to its ability to regulate glucose transporter and insulinsignaling gene expression when investigated in mouse adipocytes. [49] In addition, the water extract of C. burmanii (20 g/kg diet, containing more than 5% TAPP per gram cinnamon extract) has been reported to have the ability to enhance liver glycogen synthesis under conditions of reduced insulin sensitivity. Therefore, it has the ability to maintain the metabolic balance of fat and/or refined carbohydrates in case of fat or carbohydrate overload (excessive dietary intake). [50] The combination of cinnamon essential oil with cumin, fennel, oregano, and myrtle essential oils has a synergetic effect on the reduction of blood glucose levels as well as enhancing insulin sensitivity in type 2 diabetes in a rat model. [51] In the study of Cheng et al., [23] defatted soy flour enriched with cinnamon extract had a significant effect on improving glucose metabolism in both in vivo and in vitro experimentation.
It has been reported that the ability of cinnamon to reduce the risks of diabetes stems from its ability to increase the release of insulin, reduce the absorption of intestinal glucose, enhance the synthesis of glycogen, as well as activate the PPAR-γ. [52] Another possible mechanism is that the polyphenols in cinnamon regulate glucose metabolism and repair pancreatic beta cells. [53] Cinnamaldehyde may function as a hypoglycemic agent. It could reduce the workload of the pancreas by improving the islet function. [53, 54] TAPP may also take part in the antidiabetic activity, [55] through their ability to inhibit the development of toxic hIAPP oligomers and reduce cytotoxicity through alleviating hIAPP-induced membrane damage. [18] Likewise, Type-B procyanidin oligomers present in C. cassia water extract have been reported to act as hypoglycemic agents. [56] Although the abovementioned studies showed that cinnamon extract consumption reduced fasting blood sugar levels on prediabetic patients with metabolic syndrome, the ability of cinnamon to help people who currently have type 2 diabetes mellitus has not been demonstrated. [57, 58] Recently, Akilen et al. [56] concluded that consumption of cinnamon was effective in decreasing systolic blood pressure or diastolic blood pressure for patients with prediabetic conditions and with type 2 diabetic mellitus. Due to the limited data in this area, more studies are needed to provide more scientific evidence on the use of cinnamon in type 2 diabetes mellitus treatments.
Anti-hypertriglyceridemia
Hypertriglyceridemia and low HDL cholesterol are two of many consequences of metabolic syndrome. [59] Hypertriglyceridemia is a condition in which the plasma triglyceride (TG) levels are higher than a reference value. [60] Cinnamon has been found to be beneficial for improving blood lipid profile. [61] Kim et al. [47] found that the concentration of TG and total cholesterol became significantly lower after consuming cinnamon extract (200 mg/kg body weight) for 6 weeks. At the same time, the HDL cholesterol significantly increased. Cinnamaldehyde has significant hypolipidemic effects. It can significantly reduce lipid concentrations and increase HDL cholesterol in serum. One possible mechanism is that the cinnamaldehyde could increase the activity of lecithin cholesterol acyl transferase. [54] Polyphenols present in cinnamon may influence lipid metabolism. [53] Polyphenols effectively inhibit hepatic lipid peroxidation. [62] This activity is beneficial for human health since lipid peroxidation produces some products that exert cytotoxic and genotoxic effects. [63] Digestive system protection Concerning the digestive system, cinnamon has been reported to reduce the risk of gastric ulcers as well as protect gastrointestinal tract from free radical injury. [61, 64] Investigated in normal rats, the aqueous extract of cinnamon (100 μg/mL containing 0.74% TAPP) was proven to regulate multiple metabolic pathways involved in the intestinal lipoprotein metabolism of small intestinal primary enterocytes. Cinnamon consumption might also improve intestinally derived lipid metabolism in the healthy rats. [65] As discussed in the previous section, cinnamon can also reduce the risk of chronic gastritis by inhibiting H. pylori growth. [44] Application of cinnamon in food Antimicrobial activity Recent studies have shown that cinnamon can prevent microorganism-induced food spoilage. [66] Anti-bacterial activity, particularly against Bacillus subtilis, Staphylococcus aureus, Bacillus cereus, Escherichia coli, Salmonella typhi, and Pseudomonas aeruginosa, as well as antifungal activity, mainly against Aspergillus (A. niger, A. flavus, A. ochraceus, and A. terreus), Fusarium (F. graminearum and F. moniliforme), and Penicillium (P. citrinum and P. viridicatum), have been demonstrated. [22, 67] C. zeylanicum essential oil at a concentration of 500 ppm has been reported to inhibit the growth of some species of Streptococcus, Enterococus, Acinetobacter, Enterobacter, Klebsiella, Proteus, Mycobacterium, Clostridium, Listeria, and Candida. [42] A study indicated that C. cassia essential oils (0.05%) effectively inhibit the growth of E. coli; however, the effect was dependent on the strain and the initial number of the population. [68] Oregano essential oils were more effective as antibacterial agents than cinnamon essential oils.
[69] However, vaporized essential oils of cinnamon have been reported to be more potent in inhibiting fungal growth than that of oregano. [70] In a study by Clemente et al., [71] cinnamon essential oils exhibited less effective antimicrobial properties than mustard essential oils in direct contact and as a vapor. This indicates that the antimicrobial effect is highly dependent on the composition of the essential oils and the type of microorganism. According to Becerril et al., [69] the minimum inhibitory concentration and the minimum bactericidal concentration of cinnamon essential oils were 200-400 and 400-800 mg/L, respectively. Cinnamon essential oils are ideal antimicrobial substance because they do not induce the development of antimicrobial resistance and are still effective over a long period of use. This finding is consistent with the findings of other researchers. [67] The potency cinnamon's antimicrobial activity has been observed in food products. In pasteurized skim milk subjected to a pulsed electric field, the addition of 5% cinnamon has been reported to reduce the activity of Salmonella typhimurium cells by 52%. [72] Essential oils and oleoresins of C. zeylanicum Blume bark and leaf were successfully supplemented to enrich mustard oil in low concentrations (added at the concentration of 0.02%). The oleoresins have shown better effect on primary and secondary oxidation products in mustard oil than the essential oils. [22] In white wine, the addition of 2 g of cinnamon has been shown to be more potent in H. pylori inhibition than that of green tea and raspberry. [73] Cinnamon essential oil concentrations of 0.005-0.5% were better able to prevent the growth of Streptococcus thermophiles in yogurt than mint, cardamom, and clove essential oils. [74] Cinnamon has been reported to inhibit Listeria monocytogenes growth in meat products. Its inhibition potency was better than that of garlic and thyme; however, it was less potent than oregano. [75] Agar and alginate bilayer films enriched with cinnamon essential oil (2 g/100 mL) showed antimicrobial activities on peeled shrimp, particularly toward the pathogenic bacterium L. monocytogenes. [76] The antimicrobial activity of cinnamon essential oils in fresh products (pepper and tomato) has also been confirmed. [77] Cinnamon essential oil encapsulated in chitosan could significantly decrease both disease severity and incidence of cucumbers infected by Phytophthora drechsleri. [78] These authors claimed that encapsulation could guarantee protection of the antimicrobial compounds against evaporation or degradation, have various advantages for targeted sitespecific delivery due to high surface area to volume ratios, and allow efficient absorption through cells walls, which could lead to higher antimicrobial activity.
The result is interesting, since in the encapsulation, the cinnamon essential oils should be entrapped inside the capsule. In this formation, microorganisms have no direct contact with the essential oils, and as a result, the antimicrobial action of cinnamon will not occur. The antimicrobial activity of the encapsulated cinnamon essential oils reported in the previous study [78] may be due to two reasons: (a) the cinnamon essential oils cannot be perfectly encapsulated in the wall material, and as a consequence, some oil is still present on the surface of the capsules and therefore in direct contact with the microorganisms; in addition, (b) the cinnamon essential oils are slowly released from the interior of the capsule to the surface and can then interact with the microorganisms. Considering the odor characteristics of the volatile components of the cinnamon essential oils, the presence of the essential oils on the surface of the capsules may affect the sensory characteristics of enriched foods. Organoleptic effects should be taken into consideration by any researchers investigating the applications of cinnamon in food matrices as antimicrobial agents. In this regard, some scientists have developed a new active packaging material for encapsulating cinnamon. [79] By this method, direct contact between cinnamon and food can be avoided, and as a result, the drawbacks of the use of cinnamon as an antimicrobial agent on the sensory properties of foods can be minimalized. However, it is important to note that the inhibitory effects of essential oils against microorganisms may be different between the two modes of treatment (exposure by vapor or by direct contact).
Cinnamaldehyde, eugenol, linalool, limonene, and citral have been reported as the most important compounds for the antimicrobial activity. [80] [81] [82] [83] [84] Cinnamaldehyde can pass through the cell walls of microorganisms. The interactions with the cinnamaldehyde carbonyl group can affect the action of several proteins and enzymes causing cellular damage. As a result, external modifications such as irregular shapes and rough cellular surfaces occur in the microorganisms. The other possible mechanism is that cinnamon essential oils act on the microorganism's membrane producing lumps and triggering auto aggregation. [71] Observed in A. flavus by Manso et al., [85] the volatile compounds in the cinnamon essential oils induce disruption of the hyphae forming an irregular cellular mass that appears to be a heterogenous aggregate. The formation of these aggregates has a significant impact on the inhibition of sporulation. In their study, cinnamon essential oils cause incomplete formation of the conidia inhibiting growth. Nevertheless, the essential oil destroying the conidia after the conidiophore has been formed is also a possible mode of action. Manso et al. [86] explained that the ability of the constituents of cinnamon essential oils, mainly cinnamaldehyde, to influence enzymatic mold activity is also enhanced by its anti-aflatoxigenic activity. By blocking the enzymatic activity of a biosynthetic enzyme, the formation of aflatoxins (mycotoxins formed by A. flavus that increase the risk for hepatocellular carcinoma) can be inhibited. According the investigation by Alpsoy, [87] essential oils can decrease the pathogenic effect of aflatoxin by reducing DNA binding or reacting with reactive oxygen species (ROS) produced by aflatoxin. Thus, these results provide scientific evidence that cinnamon essential oils are a promising source of food preservatives in the prevention of microbial spoilage and may prevent foodborne illnesses caused by microorganisms. This means that cinnamon can have significant contribution to food safety.
Antioxidant activity
According to Bornkessel et al., [88] antioxidants have been used in food since 1900. Currently, consistent efforts are being made to replace synthetic antioxidants with natural antioxidant due to the health issue. [61] Cinnamon essential oils and oleoresins are highly potent antioxidants in various assays such as 1,1-diphenyl-2-picrylhydrazyl (DPPH), ferric reducing antioxidant power (FRAP), 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), superoxide radical anion, oxygen radical absorbance capacity (ORAC), and hydroxy radical ( Table 3) . As reported by Mathew and Abraham, [89] the methanolic extract of C. verum bark effectively scavenged ROS including superoxide anions and hydroxyl radicals, as well as other free radicals, under in vitro conditions. Although it only weakly chelates metal ions, cinnamon extract showed more potent inhibition in lipid peroxidation than butylated hydroxy anisole (BHA). The methanolic extract of Cinnamomum iners leaf contains phenolic, flavonoid, and antioxidant compounds. In the DPPH radical-scavenging assay, the extract had higher capacity than BHA. [10] In the study of Prakash et al., [90] the essential oil extracted from Cinnamomum glaucescens had a higher free radical-scavenging activity than butylated hydroxy toluene. In comparison with other those of herbs and spices (black peppercorn, nutmeg, rosehip, and oregano), cinnamon leaf extract showed the most promising results in ABTS + radical-scavenging and ORAC assay. The total phenolic content of the cinnamon extract was also the highest among the r samples. According to Su et al., [91] the solvents have a significant influence on the antioxidant capacity of the extract with 50% acetone being better than 80% methanol. Ethanolic extract of cinnamon has been confirmed to a have higher total phenolic content, flavonoid content, and ABTS + radical-scavenging activity than the extracts of clove, nutmeg, ginger, vanilla, fennel, anise, cardamom, white pepper, and coriander. [92] The antioxidant capacity of cinnamon in various test systems indicates that cinnamon has a large number of pathways for inhibiting oxidation. From the ABTS assay, it can be concluded that ABTS radical monocation can be generated directly in stable form from potassium peroxodisulfate in the presence of cinnamon. [93] The metal ion chelating capacity of cinnamon involves the reduction of the concentration of oxidation-catalyzing transition metals in the tested sample. The chelating agents are effective as secondary antioxidants since they reduce the redox potential of a solution. They stabilize the oxidized form of the metal ion by forming σ-bonds with the metal. [94] The FRAP assay is based on the reduction of Fe 3+ to Fe 2+ , while the DPPH assay is based on the reduction of the radical by hydrogen atom transfer from H − donors. [93] The ability of cinnamon to scavenge superoxide anion radicals is also based on hydrogen donors. According to Uddin et al., [94] this stabilization of scavenged superoxide anion radicals by antioxidant compounds is worth noting, since superoxide radicals are known to be very harmful to cellular components as it is a precursor to reactive species that cause alteration and dysfunction of many cellular components.
The understanding of the potential antioxidant activities of cinnamon in various systems is important, since natural products from plant origins with antioxidant properties that can be used in the food industry have gained more attention in recent years. [95] The use of extracts from herbs and spices rich in antioxidants is of increasing interest because they slow the oxidative degradation of lipids and improve the quality and nutritional value of food. [96] In food, the potential antioxidant activity of cinnamon and its derivatives and its ability to improve the shelf lives of foods have been widely reported. C. zeylanicum Blume has been reported to inhibit primary and secondary oxidation processes in mustard, hazelnut, and poppy oils. [22, 97] However, at 0.5%, its antioxidant capacity was lower than that of BHA. [97] The antioxidant activity of cinnamon is concentration dependent. [89] Eugenol at the concentration of 0.1 g/100 g can be successfully used to extend the shelf life of chicken noodles. [81] Shan et al. [98] reported on the potency of cinnamon extract in the retardation of lipid oxidation during storage in aerobically packaged raw pork.
The use of cinnamon in extending the shelf lives of foods can be carried out not only by adding the cinnamon directly to the food matrix but also by incorporating the cinnamon into the packaging material. This approach can minimalize the drawbacks to the use of cinnamon on sensory properties of the food since the cinnamon odor may damage the original flavor of the food. In a study by Hu et al., [99] it was shown that low-density polyethylene film with encapsulated cinnamon essential oil incorporated directly into the film exhibited excellent antioxidant activity in pork with a very low intensity of cinnamon odor in the product, low enough that it was still acceptable to consumers. In their investigation, the treated samples had significantly lower peroxide values and 2-thiobarbituric acid values than non-treated samples. This study indicated that the incorporation of cinnamon into packaging material is strategically feasible for extending the shelf life of food with minimum impact on their sensory properties.
Phenolic and volatile compounds in cinnamon play significant roles in the antioxidant activity. [54, 81, 100] A variety of phenolic compounds isolated from cinnamon are listed in Table 2 . According to Brewer, [101] vanillic acid, caffeic acid, gallic acid, p-coumaric acid, p-hydroxybenzoic acid, and p-hydroxybenzaldehyde are typical polyphenol constituents in cinnamon. The molecular structures of the volatile phenolic compounds commonly found in cinnamon are given in Figs. 1 and 2 . In the past several years, natural antioxidants have become closely tied to the health benefits that come with the removal of free radicals in living systems and the inhibition of oxidative stress in the human body. [94, [102] [103] [104] [105] [106] This relationship is because living cells continuously generate free radicals and ROS during mitochondrial oxidative phosphorylation, resulting in an imbalance of oxidants and antioxidants, with the equilibrium shifted toward the oxidants. This inequity causes oxidative stress in the cell, leading to damage to DNA, proteins, and lipids. It eventually induces many chronic diseases such as cancer, coronary heart diseases, diabetes, neural disorders, and atherosclerosis, as well as other degenerative diseases and aging. [94, [107] [108] [109] [110] Flohé et al. [111] believed that antioxidant activity is also concomitant with anti-inflammatory activity, as NF-кB activation triggering inflammation is facilitated by some oxidative reactions. Therefore, antioxidants are needed to prevent these destructive chain reactions in the living system by scavenging the free radicals. As mentioned above, antioxidants can act as reducing agents, hydrogen donors, singlet oxygen quenchers, and metal chelating agents. Due to the association between antioxidants and disease prevention, preliminary experiments using cinnamon to create functional foods have been carried out, for example, cinnamonenriched yogurts and cinnamon-enriched dark chocolate. The incorporation of cinnamon in those foods significantly enhanced their phenolic content and antioxidant activity. [112] [113] [114] In general, the goal of phenolic and antioxidant enrichment in food is to improve the functionality of the food in the prevention of various diseases associated with oxidative stress. [115, 116] The popular belief about the correlation between polyphenols and antioxidants and health benefits was constructed based on substantial scientific evidence. This may be true in theory, but antioxidant activity is not sufficient to define the overall health effects of plant extract. Information regarding antioxidant activity as well as the biological activity of plant extracts are required. However, it is important to note that the results from in vitro analysis cannot be directly translated to health effects. Additionally, structural variations in the phenolic compounds present in each plant should be considered. The structure is the determining factor in their efficacy as free radical scavengers and potential as antioxidants, meaning that the structure and the chemical properties of bioactive compound also strongly influence on the health effects of the extract. [94] Several factors significantly influence the distinction between the results found in in vitro tests and the result found in the human body, such as bioaccessibility and bioavailability of the bioactive compounds. Therefore, further studies on biopharmacy as well as animal experiments and clinical tests should be carried out to determine which compounds are responsible for specific health effects. This step will be an important starting point in the formulation of functional foods using cinnamon as the bioactive ingredient.
Bioaccessibility and bioavailability
The bioaccessibility is defined as the amount of compound released from food matrix that is available to be absorbed in the small intestine. [117] Sufficient data on the bioaccessible fraction of functional foods are essential because it is an important step in understanding the biological activity of the food constituents. [118] In the recent study of Helal et al., [64] a digestion model was designed to evaluate the bioaccessibility of total polyphenol in a cinnamon beverage. They concluded that the bioaccessibility of total phenol was approximately 79% in this digestion model. In another study using coffee-cinnamon beverage, similar results have been reported; antioxidative activity in a simulated-gastrointestinal system was lower than in raw material. [117] Bioaccessibility and bioavailability of a certain compound are influenced by the initial concentration of the compound, the food matrix, and the gastrointestinal conditions. [119] For an example, the presence of milk in the system decreases polyphenol bioaccessibility since phenolic compounds have a high affinity for caseins. [64] Processing of food/beverage may also change the bioaccessibility of polyphenolic compounds. [118] Studies investigating the bioaccessibility and bioavailability of cinnamon and its constituents are still limited. In this respect, there is an opportunity to conduct research within this topic.
Consumer acceptance
Traditionally, spices have been added to foods and cooking material as a flavoring agents. [117] Cinnamon has been used in traditional foods and beverages in many Asian cultures, such as Chinese, Arab, Indonesian, Korean, Malaysian, and Turkish. [64, 105, [119] [120] [121] [122] [123] In Egypt, a traditional beverage is prepared by adding 4 g of cinnamon bark powder into 200 mL of boiling water, followed by heating for 5 min below its boiling point. [64] In some countries in Europe, cinnamon-flavored foods are becoming more popular. [124] [125] [126] [127] It has been reported that in Europe, C. cassia is more popular than C. verum. [126] A mass-produced commercial biscuit in Germany contains around 1% cinnamon. [128] Meat with cinnamon is a popular traditional food in the northern part of Greece. However, the concentration of this ingredient in the recipes has not been scientifically reported. [129] Cinnamon rolls, a grain-based dessert, were in the list of the major food and beverage sources of energy in the USA from 1989 to 2010. [130] Several innovative formulations for modern foods have been introduced by some researchers. Yogurt containing 0.5% encapsulated cinnamon oleoresin does not differ significantly from the control on several sensory attributes when evaluated by panelists using a hedonic scale. [131] The addition of 2 g/100 mL cinnamon to the coating material used to prepare coated-peeled shrimp has been reported to extend the shelf life of the product throughout the chilled storage without having an adverse impact on the sensory characteristic. [76] In a study by Chan et al., [132] deodorized aqueous extracts of cinnamon (200 ppm) improved the oxidative stability of chicken meatballs without negatively affecting their sensory acceptability. In contrast, it has been reported that enrichment with cinnamon alters the sensory characteristic of dark chocolate due to the presence of volatile compounds from cinnamon, mainly cinnamaldehyde. [113, 114] As explained by Fang and Bhandari, [133] food fortification is a really challenging process since it can induce some problems, such as alteration of organoleptic properties, in the enriched food. In recent years, encapsulation of the fortifying material has been widely reported for overcoming this problem, and this could be the best approach for incorporating health-promoting ingredients into food systems [134] since it can mask undesirable odors and flavors of the bioactive compounds. In general, encapsulation is employed to protect bioactive compounds by entrapping the compounds in specific wall material. [135] Advance techniques have been developed to encapsulate bioactive compounds in nanosized particles (not exceed 200 nm), and this could positively affect the physicochemical stability and biological activity of the active compounds. [136] Cinnamon and its constituents have been successfully encapsulated in different materials using various techniques. [137, 138] In the context of bioactive compound delivery systems, encapsulation can be useful to control the release of bioactive components of cinnamon and target-specific sites. However, in this case, the cinnamon may not be able to prevent food from microbial spoilage and oxidation since the cinnamon is trapped in the capsule matrix and has no direct contact with the microorganisms. Thus, even though cinnamon has been widely accepted as a food-flavoring agent, the supplementation of cinnamon and its derivatives in high concentration may damage the original flavor of enriched foods, resulting in a decrease in product acceptability in some cases. From the results of different studies, encapsulation has been acknowledged as a feasible method to address this problem. This method can be considered an auspicious way of incorporating cinnamon into food systems with a high consumer acceptability.
Safety
Risk assessments of ingredients for functional food should be performed to ensure product safety. [139] Knowing the safety concerns related to cinnamon and its constituent is necessary for defining working strategies to obtain maximum benefits from cinnamon without unnecessary exposure to its adverse effects. Based on various studies, cinnamon has been considered a safe flavoring agent in food for thousands of years, and there have been no reports of any side effects of cinnamon. [128, 140, 141] The US Food and Drug Administration stated that cinnamon is generally recognized as safe (GRAS) in the quantity normally found in food. [142] According to Brewer, [101] some spices also obtain GRAS status in the form of extracts and oleoresins. However, the solvents permitted for the extraction process and the concentration of solvent residues that are specified in the regulation should be considered. In 2011, European Medicines Agency published an assessment of cinnamon, including in the form of herbal substances, extracts, oleoresins, and essential oils. In their report, there are no major concerns about the safety of cinnamon. [143] According to Khan et al., [144] daily consumption of 6 g of C. cassia for more than 40 days has no harmful effect. However, a burning sensation in the gastrointestinal system may occur at an intake of 60 mL of cinnamon essential oil. It may also cause lethargy, double vision, vomiting, light headedness, and irritation of the skin and urinary track. [145, 146] The presence of cinnamaldehyde, coumarin, safrol, and styrene in cinnamon should also be considered (see Table 1 ). Cinnamaldehyde, as the major component of most cinnamon essential oils, could possibly be toxic, particularly for women during pregnancy. [128] When tested on Sprague-Dawley rats, 250 mg/kg body weight was reported to be the critical dose. [147] A recent study showed that coumarin has non-genotoxic carcinogenic characteristic in rodents, but it can cause liver damage in some species. The tolerable daily intake (TDI) of coumarin recommended by the European Food Safety Authority (EFSA) is less than 0.1 mg/kg body weight. [148] Safrole, a genotoxic carcinogen, is found in cinnamon in traces amounts. [128] The maximum level for safrole in foodstuffs and beverages recommended by EFSA is 1 mg/kg.
As shown in Table 1 , styrene was detected in some samples of cinnamon essential oils, which may be due to the migration of styrene from the packaging material (polystyrene) to cinnamon or the essential oils during storage and material handling. [128] Styrene is possibly carcinogenic to humans based on limited evidence in animal models and in humans. [149] When evaluated in mice, oral administration of 150 mg/kg body weight styrene for 78 weeks (5 days/week) caused 20% of the females and 8% of the males. [150] Brown et al. [151] stated that a high dose of styrene exposures may be maternally toxic; however, there is still a lack of well-replicated studies. The TDI of styrene established by WHO is 7.7 µg/kg body weight. [128] To understand the possible exposure of styrene from cinnamon to the body, a simulation can be performed. For an example, a 60-kg person who consumes 6 g of cinnamon/day (a dose giving an antidiabetic effect) with a styrene concentration of 22 mg/kg cinnamon (based on analysis by Food Institute Braunschweig [128] ) would lead to a daily styrene intake of 2.2 µg/kg body weight. This means that the styrene exposure is still below the abovementioned TDI. Thus, studies on the toxicity of cinnamaldehyde, coumarin, safrole, and styrene indicate that cinnamon and its derivatives can be considered safe ingredients for food.
Research gaps and future prospects
According to Frankel et al., [152] research into the beneficial health impacts of phytonutrients has been at the center of functional food creation. Cinnamon has been extensively reported as a prospective source of biologically active ingredients with specific functional effects for human health. Numerous studies have been published on this topic. [61, [153] [154] [155] [156] [157] [158] Some systematic reviews and metaanalyses concluded that cinnamon has a beneficial effect on glycemic control. [58, 142, [159] [160] [161] [162] Due to its nutraceutical potential, Viuda-Martos and his coworkers suggested that the spice can be considered essential components of our diet. [163] The use of cinnamon for the formulation of functional foods was explicitly mentioned by a number of researchers. [79, 93] Considering the current evidence of potential health benefits of cinnamon, this present review is in accordance with the results of all those studies. The availability of information about the safety concerns and the consumer acceptance of cinnamon also support the hypothesis that cinnamon can potentially be used as an ingredient in functional foods. However, from the results of different studies, the authors find some gaps in the research necessary to prove this hypothesis correct. We find that the data regarding biological activity of cinnamon is still scattered and not completely mapped. It should also be noted that the understanding of the effect of cinnamon and its constituents in clinical studies are fairly absent. Furthermore, most of the pharmacological studies were carried out using crude and poorly characterized extracts. We also find that there are a limited number of publications discussing a strategy for developing functional foods using bioactive compounds derived from cinnamon or from any kind medicinal plant.
To compensate for these problems, an alternative route on how to use cinnamon as an ingredient of functional foods must be developed. In our view, the first important step is the extraction of cinnamon. According to Cos et al., [164] an appropriate technique must be developed to assure that potentially active compounds are not lost. The extraction must consider the food safety aspect. The ethnomedical technique of extraction might be taken into consideration for obtaining substances similar to the traditional drug that has been widely used for traditional medicinal purposes. According to Gertsch, [165] advance studies to investigate the potential biological activities of the extract can be performed by the following steps: in vitro bioassay (screening, target identification), biopharmacy study (pharmacokinetics), animal experiment (verification, knockout models, in vivo efficacy), and clinical study. All the experimental phases are important to provide an accurate scientific information about the functionality of cinnamon and its derivatives. Positive results obtained from those studies are essential to formulate specific functional food. This route must be applicable not only for cinnamon but also for any kind of plant with outstanding potential as a source of functional food ingredients.
Determining appropriate formulations of the functional foods would be the final stage of the research. According to Fang and Bhandari, [133] extensive research should be carried out to investigate several problems implied in food fortification, such as storage stability, incompatibility with the product matrix, and changing organoleptic characteristic. It is also a worthwhile challenge to study the interactions between the food and the functional ingredients. Durak et al. [117] evaluated the interaction between cinnamon and coffee in terms of antioxidant capacity. They found that the cinnamon-coffee mixture initiated an antagonistic response on the antiradical-scavenging parameter but showed a synergistic interaction in the LOX activity parameter. The antioxidant interaction between cinnamon and cocoa has been well demonstrated by Muhammad et al. [93] Their study clearly pointed to the necessity of not only considering the bioactivity of the cinnamon but also assessing the interaction between cinnamon and the food matrix because the real effect of cinnamon in a complex food system could be significantly different than expected. Huang et al. [166] explained that in vivo-related problems, such as bioaccessibility and bioavailability of the additional functional ingredients, are the other serious issues in food formulation. Thus, there is still much work to be done on the development of functional foods using medicinal plant as the ingredients. As well stressed by Hou and Jiang, [167] most of the research in this area is still in its primary stage. Indeed, to accomplish these goals, a group of experts from different fields should be involved.
Conclusion
The development of functional foods should be a priority to respond to global health problems. Functional foods may be designed by supplementation with an active ingredient that is known for its health benefits. The long list of beneficial physiological effects of cinnamon suggests that it might be considered as an essential part of human diet. The use of cinnamon in an innovative functional food product is strategically and technologically feasible; however, the route to achieve that goal is lengthy and challenging. A series of investigations in natural product chemistry, in vitro bioassay, biopharmacy, animal experiments, and clinical studies are still needed. The information obtained from those studies is required to create functional foods that promote human health. Considering the route of the research, a collaboration between scientists from various research areas is needed to build a valid methodology and to avoid an incorrect assessment.
